Automated systems for electrochemical synthesis and high throughput screening of catalytic materials were developed and used to prepare a library of nanoparticulate gold supported on TiO 2 . A two-dimensional array (library) of Au was synthesized by pulsed cathodic electrodeposition onto a thermally oxidized titanium dioxide substrate. Variations in particle size across the library were created by changing the deposition time (number of pulses). Longer deposition times led to increased Au particle sizes and greater density of Au on the surface. High throughput electrochemical screening was used to characterize the electrocatalytic activity of the supported Au clusters for: (1) photoelectrochemical water oxidation and (2) CO electro-oxidation. Au films synthesized with 5 ms pulses between 3 and 10 s of total deposition time demonstrated the greatest activity for photodecomposition of water (20-40% greater than pure TiO 2 ). For CO electro-oxidation, it was found that the smallest Au particle (<10 nm, 1 s total deposition time) was most active, consistent with previous research in this area.
Introduction
Combinatorial chemistry involves the deliberate creation and screening of very large numbers of new materials from different combinations of specific building block atoms and molecules [1] [2] [3] [4] [5] . As a discovery methodology, combinatorial chemistry is not new to materials science and catalysis [1] [2] [3] [4] . Informally, scientists have long tried to discover new materials with special properties using methods which closely resemble today's 'combinatorial chemistry'.
In 1970, a formal strategy for synthesizing and testing large collections of multicomponent inorganic chemical systems was introduced by Joseph Hanak at RCA Laboratories who developed physical vapour deposition (PVD) methods for the synthesis of diverse multicomponent compounds for use as superconductors, ceramics, photovoltaics and luminescent materials [5, 6] . Applied to functional inorganic materials, these methods were later used to rapidly investigate large numbers of mixed metal oxides as potential phosphors, catalysts and dielectric materials [2, 3, 6] . Automated electrochemical methods for creating and screening collections of compositionally varied materials (libraries) for photoelectrochemical performance have recently been described [7, 8] . Electrochemical methods lend themselves well to the combinatorial synthesis of inorganic materials because of the many synthesis variables under direct control, such as voltage, current density and electrolyte, which can be varied readily using automated programmable systems, resulting in diversity of structure and composition. Figure 1 . Automated systems for electrosynthesis. The library substrate is sealed beneath a perforated polypropylene block with an array of independent o-rings underneath. (a) Rapid serial deposition using x-y-z translatable counter and reference wire electrodes, and (b) parallel deposition using an array of counter electrodes multiplexed to a potentiostat/power supply. The parallel system has a higher throughput, however, the rapid serial method offers greater control for each deposition.
Although bulk gold is inactive, nanoparticulate gold less than 10 nm has been reported as an active catalyst for low temperature CO oxidation, the water-gas shift reaction and propylene epoxidation [9] [10] [11] [12] . Size-dependent catalytic activity and the effects of various supports on nanoparticulate gold have been reported [9] [10] [11] [12] [13] [14] [15] . Conventional synthesis of nanocrystalline gold includes precipitation, PVD, chemical vapour deposition (CVD), organic encapsulation and electrodeposition [13] [14] [15] [16] . The latter method has many advantages in terms of economics and flexibility for making large area gold films.
Many nanoparticulate materials have been created by pulsed electrodeposition which utilizes short, high potential pulses to nucleate particle growth at a much higher number of sites than lower voltage continuous deposition. This technique has been applied to metal alloys and metal oxides that have been deposited as nanoparticulate films with improved mechanical and physical properties [17] [18] [19] . Materials created in this manner have the major advantages of high surface area as well as a strong electrical contact to the substrate. Herein, we report the use of automated pulsed electrodeposition for the synthesis of Au films on titanium dioxide to address the following questions. (1) Can nanocrystalline gold be made by pulsed cathodic electrodeposition? (2) Can morphology and particle size be controlled by this technique? (3) What are the effects of deposition conditions? (4) Can the photocatalytic properties of TiO 2 be improved by depositing Au nanoparticles on the surface? (5) How do the electro-oxidative catalytic properties of gold correlate with particle size?
System development

Combinatorial synthesis
Our studies have focused on the development of automated combinatorial electrochemical synthesis and screening systems, then on the preparation and analysis of diverse solidstate libraries suitable for catalysis. Diversity in synthesized materials can be achieved by (1) variations in composition (by variable doping, electrochemical synthesis conditions and surface redox catalysts) and (2) variations in structure (by deliberate and diverse ionic and non-ionic templating agents, synthesis conditions and doping). Automated electrochemical synthesis routes are used to create libraries of metals and metal oxides, and we have designed and constructed the necessary systems and developed the detailed methodology to do so. Two combinatorial synthesis systems have been engineered-one that operates in series and the other in parallel. In both cases, a perforated polypropylene block is sealed to the substrate with an array of o-rings in order to isolate samples from each other. Hence, an array of individual working electrodes (individually isolated electrochemical cells) is created, allowing for different synthesis conditions at each library position as each cell is filled with a compositionally unique electrolyte. In the rapid serial electrochemical deposition system (figure 1(a)), a twoelectrode probe is scanned over the surface of the library substrate by an automated, computer-controlled set of x-y-z stages. The probe contains a Pt wire counter electrode and a Pt reference electrode, and is dipped into each electrochemical cell one at a time. A highly controlled deposition is conducted at each location by a computer-controlled EG&G 273A potentiostat/galvanostat. Compositional diversity across a library can be obtained by varying the deposition conditions of time, voltage, current, duty cycle, surfactant additives and electrolyte.
Automated pulsed electrodeposition was performed with the rapid serial synthesis system. For pulse generation, the analogue output (±10 V) of a data acquisition board (NI PCI-6036E) was used to drive the EG&G 273A potentiostat via the instrument's analogue input. The duty cycle of the pulses is a user-defined parameter and each pulse can be executed for a minimum of 50 µs.
In the parallel system ( figure 1(b) ), an array of stainless steel counter electrodes is used instead of the probe mounted on an x-y-z motion system. At present, we have eight channels for multiplexing up to eight different voltages and no reference electrodes. Clearly, synthesis speed is an advantage in a parallel scheme since all depositions occur simultaneously; however, the depositions are not as well controlled as the three-electrode rapid serial system described above.
High throughput screening of photoelectrochemical properties
We have developed systems for automated high throughput photoelectrochemical screening designed to measure electrochemical and photoelectrochemical activity of combinatorially prepared libraries, figure 2.
For the measurement of photoelectrochemical properties, a photoelectrochemical probe which contains a Pt counter electrode and a Ag/AgCl reference electrode is mounted on a set of automated x-y-z stages that are under computer control, as described in detail elsewhere [8] . The electrochemical cell is filled with 70 ml of electrolyte, typically 0.1 M sodium acetate, and each sample is illuminated by a 1 kW Xe lamp (ThermoOriel) through an optical fibre at a chopping frequency between 0 and 40 Hz. The difference between the current under illumination and the dark current is monitored which is a direct measure of photochemical activity.
The system also allows for measuring cyclic voltammograms (I-V curves) and Mott-Schottky plots which reveal flatband potential and sample dopant concentrations. The system is modular in nature-easy to set up for the experiment of interest by connecting the appropriate programmable source/measure devices: potentiostat, digital multimeter, data acquisition board, impedance analyser and lock-in amplifier. 
Combinatorial synthesis and high throughput screening of a nanoparticulate Au library
Combinatorial synthesis
For each chemical deposition bath, 20 mM HAuCl 4 · 3H 2 O in DI water was used. Ti foil thermally oxidized at 400
• C for 1 h to produce a thin anatase film was used as a cathodic substrate. The cathodic-potentiostatic deposition was performed using a conventional three-electrode system with a Pt wire as a counter electrode and a Pt wire reference electrode. The design of a 32-member (4 × 8 array) gold library is shown in figure 3 , prepared by combinatorial pulsed electrodeposition with diversity achieved by variation in total deposition time. The first column is pure TiO 2 without Au deposition; each of the columns consists of four identical samples, resulting in a total of 32 samples. The pulse voltage was cycled between −1 V and +0.2 V for 5 ms at each potential (100 pulses s −1 ). SEM images of selected library members are shown in figure 4 . It was observed that both particle size and density increased with longer total deposition times. Very short total deposition times (below 1 s) yielded particle sizes below 10 nm, while a 1 min total deposition time resulted in a particle size above 150 nm. Figure 5(a) shows the TEM image of a sample prepared on the TiO 2 surface with 1 s total deposition time. The image confirms that nanoparticulate Au is well dispersed on the surface of TiO 2 . X-ray photoelectron spectroscopy (XPS) was used to investigate the valence of the Au on TiO 2 , figure 5(b) . XPS measurements reveal that Au metal was successfully synthesized by the pulsed electrodeposition method; the emission of 4f photoelectrons from Au is identified in two peaks of the XPS spectra, which are assigned to Au 0 (87.7 and 84.0 eV) [20, 21] .
Microscopy and spectroscopy
High throughput photoelectrochemical screening for water splitting
Photoelectrochemical screening of the synthesized library for the measurement of zero-bias water-splitting photocurrent was performed. Sodium acetate (0.1 M) electrolyte was pumped automatically into the cell and current obtained while the sample was illuminated with a chopped light source. Figure 6 shows the photocurrent trend of Au/TiO 2 as a function of total deposition time as measured with the high throughput screening system. Pure TiO 2 within the first control row exhibited an average photocurrent of 0.78 mA cm synthesized with a longer total deposition time of Au showed little improvement, compared to control TiO 2 . Clearly, a synergistic effect is observed for the catalytic activity of Au nanoparticles supported on TiO 2 . Small amounts of Au provide for little change in catalytic activity, while too much Au can block active sites on the TiO 2 surface. Thus, an optimal particle size and density of nanoparticulate Au on TiO 2 was found as a surface photoelectrocatalyst.
High throughput electrochemical screening for CO electro-oxidation
The library was subsequently scanned for electrocatalytic oxidation activity using the high throughput screening system. Cyclic voltammograms (−0.2 V to +0.8 V, 100 mV s −1 ) of the Au/TiO 2 library immersed in N 2 -saturated (99.998%, Praxair) 0.5 M KOH (aq) were repeated ten times to 'activate' the surface for the electro-oxidation of CO [16] . The adsorption and desorption of oxygen was observed at +0.45 and 0.00 V versus Ag/AgCl, respectively, figure 7(a). As expected, the size of the adsorption and desorption peaks correlated well with the amount of Au on the surface, as dictated by the total Au deposition time (as confirmed by SEM images). After measurement of I-V curves in 0.5 M solution of KOH, the electrocatalytic activity of CO oxidation was investigated in 0.5 M KOH solution saturated with CO (99.99%, Matheson Gas Products, Inc.). Figures 7(b)-( f ) show the CO oxidation catalytic activity as a function of total deposition time of Au. The primary CO electro-oxidation peak was observed at −0.05 V while scanning in the cathodic direction. Interestingly, CO oxidation catalytic activity decreased with increased total deposition time, despite the greater amount of gold, as confirmed in figure 7(a) . The high CO oxidation activity for samples deposited with short deposition time can be explained by the size-dependent catalytic activity of gold. Although gold is relatively inert in its bulk form, particles with dimensions less than 10 nm have interesting and unexpected electronic and catalytic properties. Highly dispersed gold catalysts have been shown to be active (and very selective) for many other reactions important in industry, such as low temperature water gas shift reactions and NO reduction with hydrocarbons [9] [10] [11] [12] . Even though more Au was present on the surface with increased total deposition time, catalytic activity decreased because particle size was the dominant factor.
Conclusion
Automated systems for electrochemical synthesis and high throughput screening of electrocatalytic and photoelectrocatalytic materials were developed. A 'library' of 32 electrocatalysts consisting of Au nanoclusters formed by pulsed electrodeposition on a TiO 2 substrate was synthesized under computer control. Diversity in the cluster size was achieved by varying the deposition time (number of pulses); increased deposition time resulted in larger particle sizes at higher density. Automated electrocatalytic screening was performed and the nanoparticulate Au deposited for 3-10 s was found to have improved activity (by 20-40%) for zerobias water oxidation compared to pure TiO 2 . Size-dependent catalytic activity of gold for CO oxidation was observed, with the small Au particles (<10 nm) exhibiting the most activity.
